Unsteady double-diffusive natural convection in an inclined enclosure filled with fluid saturated porous medium with nonuniform boundary conditions in presence of thermal radiation is studied here. The left vertical and bottom walls are heated non-uniformly and uniformly, respectively, while the right vertical wall is well insulated and the top wall is maintained at a constant cold temperature. A staggered grid finitedifference method is used here to solve the differential equations. The obtained results show the fluid flow, heat and mass transfers in terms of the streamlines, temperature and concentration contours as well as the local and average Nusselt numbers, local and average Sherwood numbers at the non-uniformly heated and concentrated walls for the values of some physical parameters. The effects of the physical parameters, such as radiation parameter and the inclination angles on the unsteady double-diffusive natural convection in a porous enclosure is discussed here. The results are compared with previously published results.
Introduction
Double-diffusive natural convection in porous media with a single buoyancy source have been studied extensively in the past. This earlier work is summarized in the book by Nield and Bejan [1] . However, double-diffusive flow induced by both temperature and salinity gradients can be very different from that driven solely by the temperature field.
Fluid flow, and heat and mass transfer induced by double-diffusive natural convection in fluid saturated porous media have practical importance in many engineering applications. Some often given cited instances where doublediffusive natural convection is important include the migration of moisture in fibrous insulation, drying processes, chemical reactors, the transport of contaminants in saturated soil, electro-chemical processes and thermal insulation. Thus double-diffusion occurs naturally in a wide range of scientific fields which in the past has attracted the attention of researchers from a diverse range of fields such as oceanography, astrophysics, geology, biology and chemical engineering.
Double-diffusive natural convection in cavities has been the subject of intensive research due to its importance in various engineering and geophysical problems. This includes nuclear reactors, solar ponds, geothermal reservoirs, solar collectors, crystal growth in liquids, electronic cooling and chemical processing, Nield and Bejan [2] . Minkowycz et al. [3] was the first to study mixed convection flow over a vertical plate, which was non-uniformly heated /cooled. Bejan and Khair [4] studied the heat and mass transfer by natural convection in a porous medium. They have examined that the buoyancy effect is due to the variation of temperature and concentration across the boundary layer. Roy and Basak [5] solved the nonlinear coupled partial differential equations for flow and temperature fields with both uniform and non-uniform temperature distributions prescribed at the bottom wall and at one vertical wall. Following these studies, Mahapatra et al. [6] examined the effects of the buoyancy ratio and thermal Rayleigh number on double-diffusive natural convection in a cavity when the boundaries are uniformly and non-uniformly heated. Later, Basak et al. [7] investigated natural-convection flow in a square cavity filled with a porous medium with both uniform and non-uniform heating of cavity walls from below using the Darcy-Forchheimer model. Ducasse and Sibanda [8] studied steady state two-dimensional mixed convection in an air filled cavity with linearly heated and uniformly cooled walls. They determined the strength of the circulation and the rate of heat transfer are determined for different parameter values.
The particular problem of natural convection in an inclined enclosure has received considerable attention due to its relevance to a wide variety of applications in engineering and science. Ozoe et al. [9, 10] studied the problem of natural convection in inclined rectangular channels heated on one side and cooled on the opposing side. Their results indicated that as the angle of inclination increased, a minimum and then a maximum heat transfer occurred. Later, Rahman and Sharif [11] examined the laminar natural convection in differentially heated inclined rectangular enclosures of various aspect ratios. Chamkha and Al-Naser [12] considered laminar the double-diffusive convective flow of a binary gas mixture in an inclined rectangular enclosure filled with an uniform porous medium. A numerical investigation of double-diffusive laminar mixed convection in an inclined cavity was given by Teamah et al. [13] . Wang et al. [14] studied the natural convection and heat transfer in an inclined porous cavity with time-periodic boundary conditions. Teamah et al.
[15] studied double-diffusive convective flow in an inclined rectangular enclosure with the shortest sides insulated and impermeable. On the other hand, studies on the combination of radiative heat transfer with convection or conduction are important because the effect of the radiation heat transfer is more important in the presence of a participating medium and/ or radiative surfaces with large emissivity [16, 17] .
Recent developments in hypersonic flights, re-entry rocket combustion chambers and gas cooled nuclear reactors have focused attention on thermal radiation and emphasize the need for inclusion of heat transfer in these processes. Zahmatkesh [18] studied influence of thermal radiation on free convection inside a porous enclosure. Bouali et al. [19] studied natural convection heat transfer in an inclined rectangular enclosure in presence of thermal radiation. Moufekkir et al. [20] investigated double-diffusive natural convection and radiation in an inclined cavity using the lattice Boltzmann method. Magyari and Pantokratoras [21] discussed in their short note that the effect of thermal radiation in the linearized Rosseland approximation is quite trivial, both physically and computationally.
Not much attention has been given to unsteady double-diffusive convection in inclined enclosures filled with a fluid saturated porous medium with sinusoidal boundary conditions with thermal radiation to the authors best knowledge. Thus the present study deals with the unsteady double-diffusive convection in inclined enclosures filled with a fluid saturated porous medium with sinusoidal boundary conditions in the presence of thermal radiation. We determine the flow pattern in terms of the streamlines, isotherms, iso-concentration contours, local and average Nusselt number, and local and average Sherwood numbers are presented graphically and in tabular form. The thermal and mass exchanges were generated taking into account the effects of the dimensionless time parameter, inclination angle and radiation parameter and non-uniform boundary conditions.
Problem formulation
Consider an incompressible fluid confined in an inclined square enclosure of length L depicted in Fig. 1 . The porous medium is homogeneous, isotropic and in local thermal equilibrium with the fluid. The top and bottom walls of the cavity are subject to different temperature and concentration regimes. The right side wall is adiabatic while on the left side wall, the temperature and concentration vary sinusoidally. The Brinkman-Darcy model is used to model the fluid flow in the porous medium.
The dimensionless governing equations take the following form:
The equations have been non-dimensionalised using the variables;
The value of ν f is used as an approximation to ν e , i.e., ν e ≈ ν f which is in good agreement with experimental data obtained by Lundgren [22] . Ra * is Rayleigh-Darcy number (Wang et al. [14] ).
The appropriate non-dimensional boundary conditions are;
1. when t = 0 and 0 ≤ x, y ≤ 1;
2. when t > 0 and 0 ≤ x, y ≤ 1;
The local Nusselt number at the left vertical wall is defined as N u l = −(∂θ)/(∂x)    x=0 . The average Nusselt numbers at the left vertical wall is given by,
The local Sherwood number at the left vertical wall is defined as
. The average Sherwood number at the left vertical wall is given by,
Solution procedure and numerical stability criteria
The control-volume based finite-difference discretization of equations (1) - (5) was carried out in staggered grid form, popularly known as the MAC cell. In this type of grid alignment, the velocities, the pressure, temperature and solute concentration are evaluated at different locations of the control volume. The pressure, temperature and concentration are evaluated at the same locations at the center cell of control volume and velocity components u, v are evaluated at the mid point of the cell boundary of the control volume as shown in Fig. 2 . In the derivation of the pressure-Poisson equation, the divergence term at the n-th time level (D n i j ) is retained and evaluated in the pressurePoisson iteration. This is done because the discretized form of the divergence of the velocity field, i.e, D n ij is not guaranteed to be zero initially. The solution procedure starts with the initialization of the velocity field. This is done either from the result of a previous cycle or from the prescribed initial and boundary conditions. Using this velocity field, the pressure-Poisson equation is solved using the Bi-CG-Stab method. Once the pressure field is determined, the momentum, temperature and concentration equations are updated to obtain u, v, θ and S at the (n + 1)th time level. Then, using the values of u and v at the (n + 1)th time level, the divergence of the velocity field is obtained. If its absolute value is less than 0.5 × 10 −5 and the steady state is reached, then the iteration process stops, otherwise the pressure-Poisson equation is solved again for the pressure. The Courant-Friedrichs-Lewy (CFL) condition for stability here is,
Also, from Hirt's stability analysis, we have
This condition roughly states that momentum cannot diffuse more than one cell width per time step. The time step is determined from δt = F CT × Min(δt 1 , δt 2 ) , where the factor FCT varies from 0.2 to 0.4. The up-winding parameter β is governed by the inequality condition
As a rule of thumb, β is taken to be approximately 1.2 times larger than what is found from the above inequality condition.
Results and discussions
In this study we have choosen Prandtl number P r = 0.7 and = 0.6. The inclination angle ϕ of the enclosure is such that 20
• . Numerical results for the streamline, isotherm and iso-concentration contours inside the inclined square cavity, the local Nusselt number, local Sherwood number, average Nusselt and average Sherwood numbers distribution at the non-uniformly heated and concentrated surface of the cavity for various values of the radiation parameter (N R ), dimensionless time parameter (t) In order to obtain a grid independent solution to the problem, a grid refinement study is performed in Table 1 for P r = 0.7, Ra * = 10 3 , Da = 10 −3 , = 0.6, Le = 1.0, N = 1.0, N R = 1.0, He = 1.0 and ϕ = 45
• , 90
• , 135
• . It is important to note that as the number of grid points is increased for a fixed inclination angle, the number of iterations required to obtain converged results for | ψ max | decreases. However, when the number of grid points increases from 80 × 80 to 160 × 160, there is a less significant change found in the value of | ψ max |. Hence, all the results are computed using 80 × 80 grid points.
A comparison of the average Nusselt number at the hot wall in the absence of the concentration equation, thermal radiation and heat generation for the generalized model in the non-Darcian regime with the same boundary condi-tions and N = 0, P r = 1.0, ϕ = 0
• is made with Lauriat • for a fixed value of N R and other parameters. • and 90
• . The opposite trend is observed when the inclination angle increases from 90
• to 135
• for fixed value of all other parameters.
As expected, the fluid rises up along the side of the hot wall and flows down along the cold wall forming a roll with an anti-clockwise rotation inside the cavity due to non-uniformly heated left vertical wall. In Figs. 3 -10, counter clockwise circulations are shown with a positive sign for the stream functions. Fig. 3 shows the effect of ϕ on the streamlines, isotherms and iso-concentrations when P r = 0.7, Ra * = 10 3 , Da = 10
The values of the stream function in the core decrease with increasing inclination angles, i.e, the flow rate decreases. Additionally, we observe that the streamlines are more concentrated near the side walls due to stronger circulation which results in lower heat transfer rate due to convection. A multicellular flow pattern is observed for ϕ = 135
• . Two anti-clockwise circulating cells exist near the cold and hot walls due to a shear force and a clockwise circulation in the non-uniformly heated and concentrated wall due to a buoyancy force. This is a natural convection dominated regime. This type of multicellular flow does not exist for low inclination angles of the cavity. In this figure we see that the isotherm and iso-concentration profiles are spread throughout the whole cavity for ϕ = 45
• , but as the inclination angle increases, these are concentrated diagonally within the edge of the two heated walls and the edge of cold and adiabatic walls. Fig. 4 depicts the contour plots of the streamlines, isotherms and isoconcentrations for different values of N R when P r = 0.7, Ra * = 10 3 , Da = 10 −3 , = 0.6, He = 1, Le = 1.0, N = 1 and ϕ = 45
• . We observe that the streamlines are more concentrated near the side walls as a result of a stronger circulation which, in turn, results in higher heat transfer rates due to convection when N R = 1.0. However, as N R increases, the streamlines are concentrated towards the center of the cavity and the values of stream function in the core increase with an increase in N R , i.e., the flow rate increases with increases with the radiation parameter. Also, the isotherms are concentrated at the diagonal regime of the cavity when the inclination angle is 45
• . The opposite trend is observed for the case of iso-concentration.
Fig . 5 shows the contour plots of the streamlines, isotherms and isoconcentrations when P r = 0.7, Ra * = 10 3 , Da = 10 −3 , = 0.6, He = 1, Le = 1.0, N = 1 and ϕ = 90
• for different values of N R . The values of stream function in the core increase with an increase in N R , i.e., the flow rate increases with the radiation parameter. It is clear that when N R = 1.0, the contours of the isotherms are mostly concentrated near the lower half of the right cold vertical wall and the upper half of the left hot vertical wall indicating that most of the heat transfer is by heat conduction. This is due to an increase in the thermal boundary layer thickness. However, when N R is reduced, the isotherms are dispersed to the adiabatic wall. Again, for iso-concentrations when N R is increased, the contours are concentrated mainly near the cavity wall and the cavity core is empty. Fig. 6 shows the contour plots of the streamlines, isotherms and iso-concentrations when P r = 0.7, Ra * = 10 3 , Da = 10 −3 , = 0.6, He = 1, Le = 1.0, N = 1 and ϕ = 135
• for different values of N R . A multicellular flow pattern is observed when N R = 1.0. Two anti-clockwise circulating cells exist near the cold and hot wall (uniformly heated and concentrated wall), respectively due to a shear force and a clockwise circulation in the non-uniformly heated and concentrated wall due to the buoyancy force. We observe that the isotherms and iso-concentrations are concentrated between the right edge of the non-uniformly heated wall and the top wall of the cold wall due to stronger circulation, which results in higher heat transfer rate due to convection. As inclination angle increases, the boundary layers are relatively thick and a very small core region occurs such that the isotherms become almost parallel to the vertical walls indicating that a conduction regime is approached due to the fact that the middle cells of the cavity get enhanced compressing shear cells generated. The isotherm patterns show the effect of shear cells near the walls. However, in the middle portion of the enclosure, the feature of natural convection is maintained. Small changes can be seen in the isotherm and iso-concentration patterns for increasing thermal radiation parameter values.
The effect of N R on the local Nusselt and Sherwood numbers at the left vertical walls (N u l ) which is non-uniformly heated and concentrated for different values of the inclination angle (45
• and 135 • ) when other parameters fixed is shown in Figs. 7 -9 respectively. Fig. 7 shows that for non-uniform heating at the left wall, the heat and mass transfer rates are high at both the bottom and top edges of the left vertical wall. The minimum values of both the local Nusselt number and the local Sherwood number are near the bottom edge of the left vertical wall. After attaining the minimum value, the local Nusselt number increases with the radiation parameter up to a certain distance along the vertical wall. Beyond this point the opposite trend is observed with the local Nusselt number attaining its maximum value at top edge of the left vertical wall. Again, local Sherwood number increases suddenly after attending the minimum value up to a certain value and attains its maximum value at the top edge of the left vertical wall. Similarly, in Figs 8 and 9, the heat and mass transfer rates are high at both the bottom and top edges of the left vertical wall. The minimum value for both the local Nusselt and Sherwood numbers are near the bottom edge of the left vertical wall. The effect of the inclination angles on average Nusselt number and average Sherwood number are investigated and demonstrates in Fig. 10 . The average Nusselt and Sherwood numbers reach their maximum values between the inclination angles 90
• and 120
• . Outside these values, both the average Nusselt and Sherwood numbers decrease with an increase in the inclination angle. This angle is nothing but a "critical angle" [25] where double-diffusive natural convection is at its maximum.
Conclusions
In this study we investigated unsteady double-diffusive convection in an inclined enclosure filled with a fluid saturated porous medium with sinusoidal boundary conditions at the left vertical wall. We have assumed that thermal radiation is significant and used the staggered grid finite-difference method to solve the model equations. The study shows that the flow rate decreases with an increase in the inclination angle of the cavity, increasing the thermal radiation parameter while keeping the inclination angle fixed enhances the flow rate and the heat and mass transfer rates are very high at both bottom edge and top edges of the left vertical wall. The minimum value for both are near the bottom edge of the left vertical wall. The value of |ψ max | decreases with an increase in the inclination angle after reaching a steady state condition for each inclination angle. The study shows that the average Nusselt number increases with increasing N R for a fixed inclination angle and other parameters. Finally, a "critical angle" is formed due to nonuniform heating at the left vertical wall. 
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